In the retina, presynaptic inhibitory mechanisms that shape directionally selective (DS) responses in output ganglion cells are well established. However, the nature of inhibition-independent forms of directional selectivity remains poorly defined. Here, we describe a genetically specified set of ON-OFF DS ganglion cells (DSGCs) that code anterior motion. This entire population of DSGCs exhibits asymmetric dendritic arborizations that orientate toward the preferred direction. We demonstrate that morphological asymmetries along with nonlinear dendritic conductances generate a centrifugal (soma-to-dendrite) preference that does not critically depend upon, but works in parallel with the GABAergic circuitry. We also show that in symmetrical DSGCs, such dendritic DS mechanisms are aligned with, or are in opposition to, the inhibitory DS circuitry in distinct dendritic subfields where they differentially interact to promote or weaken directional preferences. Thus, pre-and postsynaptic DS mechanisms interact uniquely in distinct ganglion cell populations, enabling efficient DS coding under diverse conditions.
INTRODUCTION
Directionally selective ganglion cells (DSGCs) of the retina respond vigorously to visual stimuli moving in a preferred but not a null direction. Barlow and Levick (1965) postulated that directionally selective (DS) responses arose from lateral asymmetries within the inhibitory circuitry. Over the years, results from numerous studies have provided conflicting evidence for and against a critical role for inhibition in DS computations, leaving this issue unresolved.
Support for inhibitory circuit mechanisms came from early pharmacological analysis that revealed a critical role for GABA A receptors in mediating directional selectivity (Wyatt and Day, 1976; Caldwell et al., 1978) , a finding that is now well substantiated (for review see Taylor and Vaney, 2003; Demb, 2007) . Subsequently, inhibitory currents preferentially evoked by null-direction stimuli were directly measured using patchclamp techniques (Taylor et al., 2000) . Mounting evidence suggests the cholinergic/GABAergic starburst amacrine cells (SACs) as the likely source of asymmetric inhibition to DSGCs. The radial dendrites of SACs exhibit a centrifugal directional preference (Euler et al., 2002) , which arises through a combination of intrinsic mechanisms (Tukker et al., 2004; Hausselt et al., 2007) and network interactions (Fried et al., 2005; Lee et al., 2010) . Direct stimulation of individual SACs with patch electrodes or optical neuromodulators revealed that SACs with soma located on the null side of a DSGC (i.e., the side at which null-direction stimulus approaches) provide stronger GABAergic inhibition compared to those on the preferred side (Fried et al., 2002 (Fried et al., , 2005 Lee et al., 2010; Wei et al., 2011; Yonehara et al., 2011) . Serial block-face electron microscopic analysis further revealed an exquisite specificity in the alignment between synaptically connected SAC and DSGC processes, indicating that these connections were optimized for preferential activation during null direction stimulus motion (Briggman et al., 2011) . Moreover, targeted ablation of SACs abolishes DS responses in ganglion cells (Yoshida et al., 2001 ). Together, these findings suggest that SACs are the leading substrate for DS computations in the retina.
In contrast to inhibitory circuit mechanisms, previous studies in a variety of species have reported that DS responses persisted when GABA A receptors were blocked (Bü lthoff and Bü lthoff, 1987; Egelhaaf et al., 1990; Ö gmen, 1991; Smith et al., 1996; Grzywacz et al., 1997; Ackert et al., 2009) . Much less is known about mechanisms that could generate directional selectivity in the retina independent of inhibitory circuits. One possibility is that nonlinear conductances could generate directional selectivity within the dendrites of DSGCs, as appears to happen in SACs (Hausselt et al., 2007) . However, in rabbit ON-OFF DSGCs, nonlinear conductances were found to amplify DS responses but not generate them (Oesch et al., 2005) .
In other parts of the CNS, dendritic morphology is known to contribute to DS coding (Rall, 1964; Livingstone, 1998; London and Hä usser, 2005; Branco et al., 2010) . However, it is unclear whether dendritic shape significantly influences DS coding in the retina. First, direction can be faithfully computed by symmetrical ganglion cells (Amthor et al., 1989; Oyster et al., 1993; Yang and Masland, 1994) , obviating the need for morphological specializations. Second, direction can be computed within a small region of the receptive field, again suggesting that the shape of the DSGC is not important (Barlow and Levick, 1965) . Third, although DSGC dendrites were often found to be highly asymmetric, these appeared randomly orientated (Yang and Masland, 1994; Huberman et al., 2009) , suggesting that morphological differences would only add noise to the population signal. Finally, even in the newly described OFF DSGC, which does exhibit systematic dendritic asymmetries that correlate with directional preferences, the DS responses were attributed to spatially offset lateral inhibition (Kim et al., 2008) . Thus, to date, there is little evidence to support a role for ganglion cell dendritic morphology in DS processing.
When considering mechanisms underlying directional selectivity, most studies failed to fully appreciate the diversity of DSGC populations. The mouse retina includes at least eight subtypes (four types of ON-OFF, three ON, and one OFF) that have distinct molecular, morphological, and physiological characteristics. If different types of DSGCs utilize distinct computational mechanisms, pooling results from random cell types could potentially lead to ambiguous results. To this end, here we define the properties of a genetically specified population of ON-OFF DSGCs in which the preferred direction is strongly correlated with asymmetries in dendritic arborizations. We demonstrate that in addition to the conventional inhibitory circuitry, a parallel dendritic mechanism contributes to the formation of DS responses. This dendritic mechanism aligns with, but does not rely critically upon, GABAergic inhibition. Furthermore, we show that in symmetrical DSGCs, these different DS mechanisms work in parallel or in opposition within distinct dendritic subfields, to strengthen or weaken DS responses, respectively. Thus, in the retina, multiple mechanisms appear to encode DS responses.
RESULTS

A Genetically Labeled Population of ON-OFF Retinal Ganglion Cells that Exhibit Asymmetric Dendritic Arbors
During a screen carried out to detect genetic markers expressed in the retina, we identified the Hb9::eGFP transgenic mouse line (Arber et al., 1999) that exhibited a sparse neuronal labeling pattern in the ganglion cell layer ($80 cells/mm 2 ; n = 6 retinas; Figure 1A ). Axonal labeling indicated that GFP was expressed in ganglion cells. Two-photon imaging of the live retina revealed that GFP + cells were ON-OFF ganglion cells because their dendrites ramified in discrete strata in both the ON and OFF layers of the inner plexiform layer (Figures 1B and 1C) . No other types of ganglion, amacrine, or bipolar cells were labeled in this mouse line, making it ideally suited for the study of ON-OFF ganglion cells. Next, individual GFP + ganglion cells were loaded with Alexa 594 using a patch electrode ( Figure 1C ), and their dendritic arborizations in both ON and OFF layers were traced offline. Examples of these reconstructions illustrate the homogeneity in morphological characteristics ( Figure 1D ). GFP + ganglion cells were found to bear similar morphological characteristics as those described previously for bistratified DSGCs (Sun et al., 2002; Coombs et al., 2006) . The one notable difference compared to previous descriptions, however, was that the dendritic arborizations in both the ON and OFF subfields of every GFP + ganglion cell were found to be highly asymmetric ( Figures 1D  and 1E ). Figures 1D and 2C) . Although asymmetric dendritic trees in ON-OFF DSGCs have been commonly observed (Amthor et al., 1989; Oyster et al., 1993; Yang and Masland, 1994) , our finding that the entire population of DSGCs was asymmetric and pointed in the same direction was unexpected.
GFP + ganglion cells were also relatively homogeneous in a number of other features compared to previous descriptions of ON-OFF DSGCs. For example, the size of their dendritic fields showed little variance when compared to those of ON-OFF ganglion cells previously described (see Figure S1 available online) (Sun et al., 2002) . Consistent with previous observations in the murine retina, the dendritic field diameter did not depend on the distance from the optic disk. In addition, soma size, total dendritic length, number of branches, branch order, and number of primary dendrites were also relatively constant ( Figure S1 ). Together, these data suggest that a single subset of ON-OFF DSGCs is labeled in the Hb9::eGFP mouse retina.
Asymmetric Dendritic Arbors of Hb9::eGFP DSGCs Align with the Preferred Direction
We next used two-photon targeted patch-clamp techniques to examine the physiological responses of GFP + ganglion cells. In response to spots of light of increasing size centered over the receptive field, robust responses were observed at the onset and offset of the stimulus, confirming that GFP + cells received ON and OFF inputs ( Figure 1F ). The optimum spot stimulus was 100-200 mm in diameter, similar to the dendritic field size (192.8 ± 2.7 mm; n = 42; Figures 1G and S1 ).
When we presented moving stimuli (a 400 mm spot moving in 8 directions at 1000 mm/s), DSGCs responded to the leading (ON) and trailing (OFF) edges of the spot with a burst of spikes (Figure 2B) . Stimuli moving in the centrifugal (soma to dendrite) direction evoked the maximal response, whereas those moving in the centripetal direction (dendrite to soma) evoked weaker responses ( Figure 2B ). The direction of preferred response was consistent from cell to cell and always pointed toward the temporal pole, parallel to the dendritic tree ( Figures 2B-2D ). The DS indices (DSIs; see Experimental Procedures) for ON and OFF responses were 0.45 ± 0.03 and 0.52 ± 0.03, respectively (n = 42; note DSI ranges from 0 to 1, with larger values indicating stronger directional selectivity). Plotting the angle of the DSI against that of the AI for ON and OFF responses/ dendritic trees ( Figure 2E ) yielded striking correlations with slopes of 0.96 (R 2 = 0.92) and 0.97 (R 2 = 0.94), respectively.
These findings contrast with previous reports that found ON-OFF DSGC dendrites to be either symmetric or asymmetric but randomly oriented with respect to the preferred direction (Yang and Masland, 1994; Huberman et al., 2009 ; but see Kim et al., 2008 for OFF DSGCs). The strong correlation between morphological and functional asymmetries observed here suggests that dendrites play a role in computing direction.
Although our results clearly demonstrate that GFP + cells in the Hb9::eGFP retina belong to a unique set of polarized DSGCs that code anterior motion, it is not clear if asymmetries are present in ganglion cells that code other directions. To test this possibility, we next recorded from GFP À DSGCs in the Hb9::eGFP retina ( Figure S2 ). In a random sample of 14 cells, we found that 4 displayed asymmetry comparable to the GFP + cells. In these cells, asymmetry appeared to be orientated in the same direction as the preferred responses ( Figure S2 ). In the general population, however, only a weak correlation between the orientation of dendrites and response preference was observed for ON but not for OFF dendrites (R 2 = 0.20 and 0.03 for ON and OFF, respectively; Figure S2 ). Without knowing whether asymmetric cells belong to a specific population of DSGCs or if they are part of a population with varying morphologies, it is difficult to establish the functional significance of these findings. Hence, the identification of a genetic marker that labeled a specific population of asymmetrical DSGCs in this study was pivotal in establishing the functional relevance of morphological specializations.
The Inhibitory DS Circuitry Aligns with Dendritic Asymmetries along the Nasal-Temporal Axis To understand the mechanisms that generate directional selectivity in this asymmetrical population of cells, we first investigated whether they received inputs from the classic inhibitory DS circuitry. To do so, currents evoked by moving stimuli were measured using whole-cell voltage-clamp techniques, while holding the membrane at different potentials ( Figure S3 ). The total conductance was split into its inhibitory and excitatory components based on their reversal potentials set at 0 and À60 mV, respectively ( Figure S3 ) (Taylor and Vaney, 2002 ).
This analysis revealed that inhibitory conductances evoked by null-direction stimuli were significantly larger than those evoked by preferred direction stimuli (null: 12.6 ± 2.0 nS and 6.8 ± 2.1 nS for ON and OFF responses, respectively; preferred: 2.8 ± 0.8 nS and 1.4 ± 0.3 nS for ON and OFF responses, respectively; p < 0.001, Mann-Whitney U rank sum test; n = 8; Figures 3A and  3C ). These data are consistent with the spiking responses measured in these cells that indicated a significantly weaker response for null-direction stimuli. In contrast, excitatory conductances sometimes trended toward being larger for preferred direction stimuli ( Figure 3B ). However, on average this difference was not statistically significant (preferred: 4.8 ± 0.5 nS and 3.5 ± 0.8 nS, for ON and OFF responses, respectively; null: 4.4 ± 0.9 nS and 2.8 ± 1.0 nS for ON and OFF responses, respectively; p > 0.1, Mann-Whitney U rank sum test; n = 8; Figures 3B and 3D). Thus, there appears to be little presynaptic modulation of bipolar cell inputs during null and preferred movements. Consequently, consistent with previous reports (Taylor and Vaney, 2002), the asymmetry of inhibitory inputs was significantly stronger than that observed for excitatory inputs ( Figure 3E ; G i DSI: À0.65 ± 0.07 and À0.57 ± 0.05 for ON and OFF responses, respectively; G e DSI: 0.09 ± 0.06 and 0.19 ± 0.09 for ON and OFF responses, respectively). Thus, Hb9 + DSGCs appear to be driven by patterns of inhibitory and excitatory synaptic conductances that are typically associated with DS computations. Importantly, the inhibitory DS circuitry is aligned along the nasal-temporal axis, parallel to the asymmetric dendritic arbors.
Directional Selectivity in GFP + Ganglion Cells Does Not
Critically Depend on the Classic Inhibitory Circuitry Although the presence of asymmetric inhibition suggests that conventional mechanisms generate DS responses in Hb9 + cells, they do not preclude the existence of additional mechanisms suggested by their morphology. To test the functional significance of the asymmetric dendritic morphology of ON-OFF DSGCs, we next studied their response properties before and after blocking the conventional inhibitory DS circuit using a cocktail of antagonists (100 mM picrotoxin, 50 mM TPMPA, and 50 mM D-tubocurarine to antagonize GABA A,C and nicotinic receptors, respectively). This cocktail is expected to block the output of SACs and other GABAergic amacrine cells known to generate directional selectivity (Fried et al., 2002 , Taylor and Vaney, 2003 , Demb, 2007 . Indeed, we found that this cocktail effectively blocked all inhibitory currents in these cells ( Figure S4 ). Figure 4A illustrates the responses to slow-moving spots (200 mm/s) measured in control conditions, illustrating the preferred direction toward the temporal pole. Remarkably, responses in this cell remained DS after the cocktail of antagonists was applied ( Figure 4B ). Although less robust than control DS responses, spike rates in the preferred direction were more than double those evoked in the null direction ( Figure 4C ; control DSI: 0.64 ± 0.07 and 0.63 ± 0.09 for ON and OFF responses, respectively; DSI in blockers: 0.40 ± 0.06 and 0.35 ± 0.04 for ON and OFF responses, respectively; p < 0.05 for both ON and OFF; n = 11). In addition, the direction of the preferred response was always maintained ( Figure 4D ; average deviation of the preferred direction was À20 ± 10 compared to control for ON responses and À1 ± 17 for OFF responses; p > 0.2, Moore's paired-sample test). Together, these results demonstrate a form of directional selectivity that does not critically rely upon, but is in alignment with, the classic inhibitory DS circuitry.
The DS responses observed in the presence of GABA A receptor blockers were surprising considering the abundant literature supporting a critical role for inhibition in mediating directional selectivity (Wyatt and Day, 1976; Caldwell et al., 1978; Taylor and Vaney, 2002) . Even in previous studies where directionally selective responses were detectable under saturating concentrations of inhibitory blockers, they were relatively mild (Smith et al., 1996; Grzywacz et al., 1997) . Because we had performed our initial experiments at relatively slow stimulus speeds, we next tested the effects of varying speed on DSI, in an attempt to reconcile our findings with previous work.
In control conditions, increasing the stimulus speed resulted in an increased spike rate for null and preferred stimuli and led to a mild decrease in DSI at the high range of speeds tested (100-2400 mm/s; Figure 5A ). Application of the cocktail of antagonists augmented spiking responses for both preferred and null directions, though null-direction responses tended to show much greater augmentation, confirming that inhibitory circuit mechanisms usually suppressed these responses (data not shown). In the presence of blockers, at the slower speeds, null-direction responses always remained lower than those elicited in the preferred direction, and consequently, responses remained DS ( Figure 5B ). However, as the stimulus speed was increased, DSI declined. By 1000 mm/s, directional selectivity was weak and only detected in a few cells, but on average was not statistically significant (ON DSI: 0.50 ± 0.08 in control compared to 0.05 ± 0.02 in blockers; p < 0.005; OFF DSI: 0.57 ± 0.07 compared to 0.06 ± 0.09 in blockers; p < 0.005; n = 11). At speeds higher than 1000 mm/s, DS responses were never observed. Because higher ranges of speeds are typically used to stimulate DS responses in most studies, these findings suggest one possible reason why directional selectivity was not observed previously in the presence of blockers.
Directional Selectivity in the Absence of Inhibition Arises in Ganglion Cells
To distinguish whether directional selectivity in the presence of inhibitory blockers arose pre-or postsynaptically, the properties of ganglion cell light-evoked synaptic inputs were analyzed using whole-cell voltage-clamp techniques. In these experiments, after measuring spikes in cell-attached mode in the presence of blockers (Figure 6A ), the same cell was patched with an electrode containing intracellular solution. After break-in, the DSGC was dialyzed with QX314 and Cs + and repeatedly injected with brief depolarizing pulses (À60-0 mV) until Na + currents and a large fraction of voltage-gated K + currents were blocked. Under these conditions, moving spots elicited large inward currents in both the null and preferred directions (V HOLD = À60 mV; Figure 6B ). When the cell was held $0 mV, the inhibitory inputs that are usually associated with stimulating these cells ( Figures  3A and S3) were not apparent, confirming that they were effectively blocked with the cocktail of antagonists (also see Figure S4) . At +40 mV, light evoked outward currents. Importantly, the temporal characteristics of currents measured at À60 and +40 mV were similar ( Figure S5 ), indicating that they were not contaminated by voltage-dependent conductances, and thus provided a reliable readout of bipolar cell output. Reversal of the excitatory currents also indicated that gap junctions did not significantly contribute to the synaptic responses (Ackert et al., 2009) .
Under conditions in which inhibitory receptors and active postsynaptic conductances were blocked, preferred and nulldirection stimuli evoked excitatory currents that were similar in size. The amplitude of the peak currents was not significantly different whether measured at À60 mV (preferred: À228 ± 30 pA and À136 ± 24 pA, for ON and OFF, respectively; null: À206 ± 30 pA and À131 ± 18 pA for ON and OFF, respectively; p > 0.6; n = 6) or +40 mV (preferred: 353 ± 64 pA and 214 ± 44 pA, for ON and OFF, respectively; null: 373 ± 67 pA and 216 ± 40 pA for ON and OFF, respectively; p > 0.6; n = 6; Figure 6C) . Similarly, the total charge of the response was similar in magnitude in the null and preferred directions, indicating that moving spots stimulated an equal number of inputs in both directions (À60 mV ON, À113 ± 18 nC for preferred compared to À126 ± 21 nC for null; À60 mV OFF, À54 ± 13 nC for preferred compared to À66 ± 16 nC for null; +40 mV ON, 227 ± 52 nC for preferred compared to 265 ± 54 nC for null; +40 mV OFF, 124 ± 26 nC for preferred compared to 141 ± 29 nC for null; p > 0.5; n = 6; Figure 6D ). The symmetry in input strength contrasts with the asymmetry in the spiking responses and suggests that nonlinearities within the ganglion cell must contribute to direction discrimination.
To test whether asymmetric dendritic trees could confer intrinsic DS properties to ganglion cells, we constructed a computational model based on the morphology of GFP + DSGCs ( Figure S6) . A model based on morphology alone produced a mild reverse DS (i.e. with a dendrite to soma preference). Interestingly, the addition of voltage-gated Na + channels to dendrites (Oesch et al., 2005) was required to produce directional selectivity with a similar preferred direction as measured experimentally ( Figure S6 ). Thus, nonlinear conductances and asymmetric dendritic trees appear to be essential requirements for the formation of directional selectivity in the absence of inhibition.
Interactions between Pre-and Postsynaptic DS Mechanisms in Symmetrical Ganglion Cells
If active conductances in dendrites contribute strongly to the formation of centrifugal preferences in asymmetric DSGCs, then it might be predicted that these would also affect processing in symmetric DSGCs. Indeed, such centrifugal dendritic preferences are predicted to hold regardless of DSGC morphology (Schachter et al., 2010) . However, it might be expected that in Figures 7A and 7B ). Strong DS responses were evoked when stimuli were presented within the null side of the receptive field (the side of the cell first stimulated by null-direction moving stimuli; Figures 7A and 7C; DSI 0.76 ± 0.11 and 0.69 ± 0.08 for ON and OFF, respectively; n = 6). In this region, like in the Hb9 + ganglion cells, inhibitory-circuit and dendritic DS mechanisms are expected to work in synergy. However, when stimuli were presented on the preferred side, directional selectivity was significantly reduced or absent (Figures 7B and 7C ; DSI 0.03 ± 0.22 and 0.13 ± 0.15 for ON and OFF, respectively; n = 6). The absence of directional selectivity cannot be explained by lack of inputs from SACs because these appear to be evenly distributed throughout the dendritic tree (Briggman et al., 2011) . However, a nondiscriminatory zone (NDZ) in a region on the preferred side has previously been described in rabbit DSGCs (Barlow and Levick, 1965; He et al., 1999) . We hypothesized that in this region of the dendritic field, inhibitory-circuit and dendritic DS mechanisms work in opposition, resulting in the formation of the NDZ.
To test the hypothesis that heterogeneous interactions between multiple DS mechanisms occur in different parts of the DSGC receptive field, we next measured responses in the presence of the cocktail of inhibitory antagonists. When moving stimuli were presented on the null side, consistent with previous results in the Hb9 + cells, directional selectivity persisted (Figures 7A and  7D ; DSI, 0.47 ± 0.11 and 0.28 ± 0.18 for ON and OFF, respectively), though was significantly reduced compared to control (p < 0.05). Application of inhibitory blockers tended to increase spike rates more in the null direction, suggesting that inhibitory circuits were functional within the tested subfield. When stimuli were centered over the receptive field, directional selectivity was reduced drastically ( Figure 7D ; ON DSI, 0.14 ± 0.06; OFF DSI 0.20 ± 0.05). In this case, the influence of dendritic DS mechanisms would be expected to be negligible because dendrites on opposing sides of the soma would nullify each other. When the stimuli were centered over the preferred side, a centrifugal dendritic preference was revealed in a region that had been non-DS in control conditions (Figures 7B and 7D ; ON DSI, À0.42 ± 0.12; OFF DSI À0.20 ± 0.08). The direction of this preference was centrifugal, as expected from a dendritic DS mechanism, but opposite to the preferred direction of the cell measured in control. It is important to note that the rate of null-direction spikes was strongly enhanced (ON: 82 ± 17 Hz for control compared to 213 ± 67 Hz for drugs; OFF: 68 ± 17 Hz for control compared to 153 ± 20 Hz for drugs; p < 0.05; n = 6), indicating that even within this region that had been non-DS in control conditions, presynaptic circuits provide null-direction inhibition. Thus, it appears that over the null side of the DSGC receptive field, inhibitory circuit-dependent and dendritic mechanisms act in synergy, whereas over the preferred side, they act in opposition, consistent with previous predictions (Schachter et al., 2010) .
DISCUSSION
Most models of directional selectivity in the mammalian retina involve lateral asymmetries within the inhibitory circuitry, likely arising from SACs. Here, we demonstrate that for a select population of ganglion cells, directional selectivity persists when classical inhibitory DS circuitry is blocked, suggesting the existence of a parallel DS mechanism. We explored the cellular basis for this form of directional selectivity and its contribution to shaping responses in asymmetrical and symmetrical ganglion cells.
An Entire Population of ON-OFF DSGCs with Asymmetric Dendritic Arbors
The morphology of DSGCs in many species is known to be variable, ranging from highly asymmetrical to completely symmetrical (Amthor et al., 1989; Oyster et al., 1993; Yang and Masland, 1994) . However, it is not clear whether these differences in dendritic shapes arise randomly in development or correspond to a morphological specialization. Here, we present evidence demonstrating systematic dendritic asymmetries in an entire mosaic of ON-OFF DSGCs. Ganglion cells labeled in the Hb9::eGFP retina exhibit highly asymmetric dendritic trees orientated toward the temporal pole of the retina. Every GFP + cell tested (n = 42) exhibited dendritic asymmetries. GFP + cells
were also relatively uniform in a number of other morphological characteristics compared to the general population of ON-OFF DSGCs (Sun et al., 2002; Coombs et al., 2006) . In addition, every GFP + cell was found to code anterior motion. Together, the relatively uniform morphological and physiological characteristics of GFP + ganglion cells in the Hb9::eGFP retina indicate that they belong to a single subset of ON-OFF DSGCs. Thus, the molecular specification of a distinct DSGC population exhibiting dendritic asymmetries highlights the importance of dendritic processing in DS coding, a property that has previously been hard to assess with random samplings from mixed populations of DSGCs ( Figure S2 ). The asymmetric morphological characteristics of the Hb9 + cells contrast with the recently identified subset of ON-OFF DSGCs that code posterior motion, specified by the dopamine receptor 4 promoter (DRD4). DRD4 + cells are roughly the same size as Hb9 + cells but do not bear any systematic dendritic asymmetries (Huberman et al., 2009 ). However, we found that even in a small sample of posterior coding DSGCs (n = 7), examples of cells that exhibited dendritic asymmetries parallel to the preferred direction were apparent. Aside from the direction of their dendritic orientation, these asymmetrical cells appeared morphologically similar to Hb9 + cells ( Figure S2 ). This observation raises the possibility that multiple populations of DSGCs might code a single direction in the murine retina. Indeed, in mouse retina there is a large overlap in the dendritic field coverage between neighboring DRD4 + DSGCs (Huberman et al., 2009) , which contrasts with the territorial organization of DSGCs in rabbit retina (Vaney, 1994) . In addition, the density of DRD4 + DSGCs was found to be roughly three times what we report here for the Hb9 + DSGCs. A more thorough characterization of DRD4 + cells and/or new genetic markers will reveal whether more than one population of DSGCs encodes a single direction of motion.
Nonlinearities within Asymmetric Dendritic Arbors Confer Centrifugal Preferences
Considering that conventional inhibitory mechanisms were manifest in the Hb9 + ganglion cells, it was interesting to find that DS responses persisted in a cocktail of antagonists that block GABA receptors. These results clearly demonstrate the existence of an additional DS mechanism that does not critically rely on inhibition. From a theoretical point of view, the minimum requirements for direction discrimination are (1) an asymmetry and (2) a nonlinear interaction between inputs (Borst and Egelhaaf, 1989) . Our experimental findings indicate nonlinearities within asymmetric dendritic trees of DSGCs that can confer inhibition-independent directional selectivity. The evidence for this is summarized below.
Under inhibitory receptor blockade, although directional selectivity is apparent in the spiking responses of DSGCs, the excitatory synaptic inputs measured under voltage clamp were of equal strength in the preferred and null directions. This finding suggests that nonlinearities within Hb9 + ganglion cells convert the temporal sequence of inputs distributed over their asymmetric dendritic trees into a DS output. Interestingly, SACs also have the intrinsic ability to respond preferentially to centrifugal motion (Euler et al., 2002) , suggesting that a common dendritic mechanism might underlie direction coding in both cell types. Insights into how dendrites compute directional selectivity are offered by a computational model ( Figure S6 ). This model demonstrates that for the passive case, null and preferred responses produce little or mild centripetal directional selectivity at the soma (Livingstone, 1998; Branco et al., 2010) , consistent with results from our voltage-clamp experiments. However, the model also allows us to estimate responses at the distal dendrites. Interestingly, for stimuli that produce mild centripetal directional selectivity at the soma, distal dendrites were found to express a strong preference for centrifugal motion. This occurs because during centrifugal motion, signals activated near the soma appear delayed at the periphery and thus coincide with local signals at the dendritic tips, summing effectively. On the other hand, during centripetal motion proximal and distal inputs are activated out of phase and thus, at the dendrite, sum poorly (Rall, 1964; Tukker et al., 2004; Hausselt et al., 2007) . Furthermore, the relatively high input resistance at the distal dendrites compared to the proximal dendrites amplifies the differential responses, thereby promoting dendritic spike initiation during preferred motion. Indeed, these simulations of centrifugal preferences in the distal dendrites are supported by Ca 2+ -imaging studies from SACs (Euler et al., 2002 ) but remain to be validated in DSGCs. How are centrifugal preferences of dendrites transferred to the soma? Following Hausselt et al. (2007) , we found that the addition of nonlinear conductances (in this case voltage-gated Na + channels; Oesch et al., 2005) to asymmetric dendrites of DSGCs resulted in an amplification of distal PSPs that effectively reversed and amplified DS preference at the soma ( Figure S6 ).
Such nonlinearities resulted in the formation of dendritic spikes that propagated to the soma where they evoked somatic action potentials with high probability (Oesch et al., 2005; Schachter et al., 2010) , thus creating a robust centrifugal preference at the soma ( Figure S6 ). Thus, active nonlinear conductances in the asymmetric dendrites appear to be a critical requirement for inhibition-independent directional selectivity. Although the computational model reproduces our basic experimental findings, it is possible that other known dynamic adaptive mechanisms (Victor, 1987; Berry et al., 1999; Hosoya et al., 2005) could also be involved in the formation of directional selectivity in cells with asymmetric dendritic fields. Future work is needed to confirm the mechanistic details of how directional selectivity is formed in the absence of inhibition.
Parallel Mechanisms Underlie DS Coding
We hypothesize that multiple DS mechanisms work together to shape response properties of Hb9 + ganglion cells. Moving stimuli evoked a characteristic pattern of inhibitory and excitatory synaptic conductances in Hb9 + DSGCs, similar to those described for other types of DSGCs (Taylor and Vaney, 2002) . First, inhibitory conductances were significantly larger in the null compared to the preferred direction. Second, null-direction inhibition coincided with or preceded excitation, whereas preferred direction inhibition was delayed with respect to excitation. Thus, conventional circuit mechanisms appear to contribute to shaping DS responses in Hb9 + ganglion cells. Interestingly, these circuit mechanisms are aligned with the asymmetric dendritic arbors, along the nasal-temporal axis. Moreover, directional selectivity persisted under inhibitory receptor blockade, and the directional preferences of Hb9 + cells were not significantly altered under these conditions. Together, these results reveal a DS mechanism that does not critically rely on inhibition but that is in alignment with conventional DS circuitry. In asymmetric DSGCs, inhibitory and dendritic mechanisms appear to work in a complementary fashion, to generate similar directional preferences. A critical feature of DSGCs is that they respond poorly to null-direction stimuli. During null-direction movements, dendritic mechanisms result in weak responses (because of suboptimal summation), making them more susceptible to being ''vetoed'' by inhibitory mechanisms, which are stronger in this direction. Thus, the combination of inhibitory and dendritic mechanisms allows for DS cells to produce little or no response to null motion. In the preferred direction, the dendritic mechanism results in an optimal summation of inputs, which when combined with weak delayed inhibition, result in a robust spiking response. Therefore, as in the case of SACs (Euler et al., 2002; Hausselt et al., 2007) , the dendritic mechanism is not merely a supplementary mechanism for directional selectivity, but an essential one.
The relative weighting of inhibitory circuit and dendritic mechanisms is perhaps best exemplified when considering the response elicited within the NDZ located on the preferred side of symmetrical DSGCs, where these two mechanisms appear to be in opposition. Here, inhibitory circuit mechanisms appear to favor centripetal preferences, whereas the dendritic DS mechanisms favor centrifugal preferences (Figure 7) . Interestingly, in the null direction, inhibition is not strong enough to suppress responses evoked in dendrites that are oriented so as to provide an optimal response (note that inhibitory contacts appear uniformly distributed throughout the dendritic field; Briggman et al., 2011) . In the preferred direction, although inhibition is weak, the dendritic mechanisms do not favor the generation of strong responses. Thus, the opposing circuit and dendritic DS mechanisms both appear to strongly influence responses of ganglion cells leading to the formation of the NDZ (Schachter et al., 2010) , first described many years ago (Barlow and Levick, 1965; He et al., 1999) .
Although our results show that both inhibitory and dendritic mechanisms can generate DS responses in Hb9 + ganglion cells, assessing their relative contributions to directional selectivity under diverse speeds remains a challenge. In the presence of inhibitory blockers, directional selectivity is only apparent at the slower range of speeds. At speeds greater than 1000 mm/s, directional selectivity was essentially abolished under these conditions as previously noted (Wyatt and Day, 1976; Caldwell et al., 1978) . However, blocking inhibition is also known to strongly affect the spatiotemporal characteristics of excitation (Roska and Werblin, 2001; Sagdullaev et al., 2006) , thereby directly affecting dendritic DS mechanisms. This makes it likely that dendritic mechanisms operate differently in control conditions. Indeed, theoretical modeling studies suggest that dendritic mechanisms are tuned toward generating maximal DS responses at significantly higher speeds (1000-2000 mm/s; Tukker et al., 2004) . In addition, under control conditions, responses in the NDZ remain nondirectional at faster speeds (data not shown; Barlow and Levick, 1965; He et al., 1999) , consistent with the idea that dendritic and inhibitory mechanisms continue to oppose each other during faster movements (Schachter et al., 2010) . Our results prompt an in-depth investigation into how multiple DS mechanisms interact under diverse conditions.
Conclusion
Our results demonstrate new insights into how neural circuit mechanisms interlace with the computational subunit properties of dendrites. In the retina, directional selectivity in SACs and a variety of DSGCs appears to be generated using a similar strategy, utilizing inhibitory circuit mechanisms in conjunction with active dendritic properties. The asymmetries in dendritic arborizations in Hb9 + DSGCs appear to represent a striking morphological adaptation that the retina has developed to avoid the NDZ by truncating their dendritic trees on the preferred side. Overall, when combined with asymmetric inhibition, asymmetric dendritic trees provide the most robust directional selectivity with the smallest arbor. Future investigations will reveal functional consequences of such adaptations. Whole-Cell Patch-Clamp Recordings Extracellular recordings were made using $5-10 MU electrodes filled with Ringer's solution. Voltage-clamp whole-cell recordings were made using 4-6 MU electrodes containing: 112.5 mM CsCH 3 SO 3 , 9.7 mM KCl, 1 mM MgCl 2 , 1.5 mM EGTA, 10 mM HEPES, 4 mM ATP Mg 2 , 0.5 mM GTP Na 3 , and 0.2 mM Alexa 594 (Invitrogen, Burlington, Ontario, Canada). The pH was adjusted to 7.4 with CsOH. Voltage-clamp whole-cell recordings were made using 4-8 MU electrodes containing: 115 mM K + gluconate, 5 mM KCl, 1 mM MgCl 2 , 10 mM EGTA, 10 mM HEPES, 4 mM ATP Mg 2 , 0.5 mM GTP Na 3 , and 0.2 mM Alexa 594. The reversal potential for chloride (E Cl ) was calculated to be $À60 mV. The voltage-and current-clamp recordings were made with a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA). Signals were digitized at 10 kHz (National Instruments A/D board) and acquired using custom software written in the LabVIEW environment. Junction potentials and series resistance (10-25 MU) were corrected offline.
EXPERIMENTAL PROCEDURES Animals
Light Stimulus
Stimuli were generated with a DLP projector (Texas Instruments; refresh rate 75 Hz) controlled with custom software written by Dr. David Balya (Friedrich Meischer Institute, Switzerland). Neutral density filters were used to control the stimulus energy. The intensity of stimuli used was 0.5 3 10 10 photons 3 s À1 3 cm À2 (sampled at 500 nm) as measured with a calibrated spectrophotometer (USB2000; Ocean Optics, Dunedin, FL, USA). Light stimuli projected from below the specimen were focused on the outer segments of the photoreceptors using the substage condenser. Flash responses were obtained using a series of spot sizes (25-800 mm). Directional selectivity was tested by moving a 400 mm spot presented at positive contrast only (50% to maximal). Spots were presented at different speeds over the cell in eight different directions, equally divided over 360 . In some experiments, a 200-400 mm diameter mask was used to limit light stimulation to the cell of interest.
Targeting, Imaging, and Reconstructing GFP + Ganglion Cells GFP + ganglion cells were targeted using two-photon laser-scanning microscopy at 950 nm, to avoid bleaching photoreceptors (Euler et al., 2002) . To facilitate targeting ganglion cells, two-photon fluorescent images were overlaid on the IR image acquired through the CCD camera. During physiological recordings cells were dialyzed with 20-25 mM Alexa 594. Ganglion cells were imaged at 850 nm after physiological recordings were complete. Alexa 594-filled DSGCs were reconstructed from image stacks using manual or semiautomatic filament-tracing routines in Neuromantic (http:// www.reading.ac.uk/neuromantic/) and Amira (Visage Imaging, San Diego, CA, USA). Retraced neurons were analyzed in MATLAB. The angle for the dendritic AI was computed by summing vectors representing each dendrite. The magnitude of AI was calculated by summing the length of all the dendrites on the preferred (P L ) and null (N L ) sides of the soma and calculating AI = (P L À N L )/(P L + N L ).
Analysis of Physiological Data
Spiking responses were accumulated as peristimulus time histograms (spike rates were binned over 25-50 ms), and the peak firing rate was analyzed in MATLAB. A DSI was calculated as: DSI = (P R À N R )/(P R + N R ), where P R and N R are the maximal spike rate evoked in preferred and null directions, respectively. The angle of the DSI was calculated as the vector sum of the peak spike rate for all eight stimulus directions. All spike data represent averages of two to four trials. Conductance analysis was performed as described by Taylor and Vaney (2002) and is explained in more detail in the Supplemental Experimental Procedures. Comparisons between two groups were made with t tests or the Moore's test (an equivalent for circular statistics). Paired t tests or Mann-Whitney U rank sum test was used to determine statistical significance when comparing responses before and after drug application. Data are presented as mean ± SEM. 
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